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within the last 10-15 years, a orowino number of cognitive research 
•tudlet have reported on the thought proceeeee underlying effective learning 
and problem solving In physics. These studies have yielded a number of 
important findings, many of which have direct Implications for classroom 
Instruction. And yet our strong Impression Is that many teachers are unaware 
of what these studies tell us. This is unfortunate, but perhaps not 
surprising. To mention only one obstacle, there have been few channels of 
communication through which teachers could hear of this research as a matter 
of course, in the past few years, the AAPT has become one such channel 
through its highly successful Physics Teacher Resource Agents (PTRA) program 
and worlcshops sponsored by its Committee on Research in Physics Education. 
However. It Is not yet clear to what extent research findings are disseminated 
by these means, and articles on the findings frequently fail to reach a 
broader audience of physics teachers. Papers reporting research too often 
appear in Journals or are presented at conferences where the predominant 
audience, both intended and actual, is other researchers, and even articles 
appearing in AJP and TPT do not always reach as broad an audience as one might 
hope. Most critical is the fact that the teacher •» everyday tools — the 
textbooks and the teacher's guides that accompany them — remain essentially 
untouched by the research. 

There are Important reasons for trying to break this closed circle. One 
Is the incieasing certainty we have about the implications of some of these 
research findings; another is the Impact they can have on physics teaching. 
By now. we all know of the strong pressure on teachers to help their students 
become "Inquirers- and "problem solvers" and. in doing so. to de-emphasixe the 
memorization of large amounts of factual information that has been such a 
prevalent pursuit in our schools. There is little dispute that some shift in 
Er|c ■ q 



anphasls uom content to proeeee le a very deelrable change of direction; but 
It le not Clear how to aecoaplieh It unleee we firet uneeretand the etudent as 
learner and then tranelate our underetandlng Into Improved teaching practlcee. 
TO Mke headway we need not Juet comaunlcatlon. but aleo close cooperation 
between cognitive researcher and classrooa teacher, in fact. It Is often both 
possible and valuabi for the teacher to be the researcher In his or her own 
classroom. 

In attempting to work toward common ground, we wMI comment very briefly 
on the nature of cognitive research In waneral. and then focus on those areas 
Of research that we believe to be of special Interest to classroom physics 
teachers. 



What Is Cognitive Research? 

Much of cognitive research Is Interested In issues underlying knowledge 
acquisition and use. In dealing with a scientific domain such as physics. It 
attempts to understand the process of thinking and learning. Fred Relf^ has 
described education, as It occurs in and out of the classroom, as a process 
that produces a transition between some Initial state of the student's 
knowledge and some desired final state. Cognitive research must try to 
understand the nature of |lie Initial state (the student as he or she enters 
our class), the process of teaching and learning by which a transition can be 
brought about, and the nature of the goal state, which Ideally Is expertise 
(though we almost always settle for less). 

In the remainder of this paper, we discuss two areas of Increasing 
Importance In cognitive research^ and their Implications for the classroom. 
The first addresses the "Initial state" of the learner and Involves what the 
research literature refers to as "mfsconoeptlons" that students b. Ing with 
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th«« to (or even dev.iop In) their physfc. elatsat. The wcond. which 
con.ider. th. goal .taf a. well, deals with different way. that novlcea «id 
•xparts go about atorlns and acceeeing lnfor«atlon and eoiving problem. 

Mleconceptlona Raanarch and <ttm» iMpHeationa 

Educational theories change, but over the years one can detect a 
persistent assuim)tlon that students com Into physics classroom with -clean 
■antal state..- and that learning, therefore, can begin fro. a zero point. * 
Thus. When students do not learn as «ich a. expected, the .mvle belief .Ight 
be that the difficulty can be overeoM by Mklng the presentation of the 
■aterlal either ii^re lucid or more Insistent. This l^illes that what Is to be 
learned should fairly readily take hold, for there Is supposedly nothing 
present In the students .Ind (if it is paying attention) to resist or fight 
against It. 

I»ecent findings fro« cognitive research, however. Mke this assuivtion 
untenable and should per«iade us that instruction cannot be based on any 
notion that lim>iies the absence of prior knowledge in the .inds of students, 
"•••arch Shows. In fact, that students UMally bring what .ight be called 
-naive theorle.- (.Im termd -upontaneou. conception.-) to their dealings 
with the phenooena of physics. These theories are ones they - and everyone - 
" P*^* in the world and Mking sense of what happens 

around us. As tninking beings, we are naturally inclined to explain, 
categorise, and order events so that they aiske sense to us. The result Is 
that during the course of our lives we actively, albeit unconsciously, 
construct sli^le or -co«on sense- theories that provide us with explanations 
Of the world and Its phenomena.* This natural Inclination is crucial to all 
learning. 



Th« probiM arlMs bMauM tiMM "nalvt tlMorlM" oftMi t«nd to Include 
■iMOOMptloiM that Intsrfsrs with •tud«ntt' ability to und«retand ooncaptt 
prosantod In tha elaaarooa. and thia Intarfaranca uaually occura ragardlaaa of 
hoi» elaarly taachara praaant concapta. Moraovar. thaaa alaconcaptlona ratlin 
a atubborn hold on atudanta' thinking. Invaatlgatlona to data Indicate that 
thay plagua laarnino throughout tha aclancaa and aathaMtlca,^*^ but tha 
raaaarch la particularly rich In phyalca. frca which wa draw :ha following 
axaaplaa. « 

o Tha firat concarna tha Atwood'a Mchlna aat-up In Figure 1. which 
can be «ada the baala of a ciaaa discuaslon or a ona-on-ona 
Interview. Bloeka of equal aaas aro auspanded froa oppoalte enda 
of a rope hung over a pulley. The blocfca are placed In 
Configuration A In Figure 1. ao that thay ramln atatlonary with 
tha left block hanging lower. Mien atudanta are aakad. milch 
block la heavier?", aany will ehooaa tha lower one. Thia 
■iaeoncaptlon la aaally confronted. Change tha eat-up to 
configuration B In Figure 1. Ilkawiwa a atatlonary arrang— int, 
and aak. "Now idilch la heavier?" The Idea bare la to challenge 
the atudant'a arroneoua conception not by eiplalnlng It away but 
by creating a contradiction and aaking tha atudant to raaolva thia 
contradiction with guidance In the fora of probing queatlona frca 
the teacher. 

o A aeoond recurrent alaconcaptlon concerna curvl linear action. 
Many atudanta who have done well In a col lege phyalca courae aay 
atlii daacriba Incorrectly the aotlon of an artillery ahall after 
It la fired frca a tank turret that la rotating, a typical 
Incorrect daacrlption atataa that, whan viewed frca above, the 
path of tha airborne ahall continuaa to curve aidawaya in tha aaaa 
general direction aa the turret 'a rotation. Tha alaconcaptlon 
derivea frca a aantal nodal attributing to tha ahall an ability to 
-raaaabar" that It waa aoving In a curved path while inalda tha 
barrel. (See ref. 5 for a recent traataant of curvl linear 
alaconceptlona). 

o Yet another ccnaon alaconcaptlon concarna the forcea acting on a 
batted baaaball while It la In tha air. Many atudante Incorrectly 
clala there are three forcea acting on tha airborne ball: tha 
gravitational force, a drag force due to air realatanea. and tha 
"lapact force" that the bat lapartad to tha ball. Newtonian 
phyalca only acfcnowladgea tha f irat two of thaea. ttudanta 
aaaerting the eiiatance of an "lapact force" view it aa an 
attribute poaaaaaed by tha ball aa a raault of Ite contact with 
tha bat. aa oppoaed to the aechanlaa by which tha bat li^arta an 
Initial apaed and direction to the ball. (Note tha alallarltlaa 
between thia and tha prevlcua aiai«i«.) 
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Tli«r« It a pMfflbl* carryover her* froa tiM lack of distinction 
in ovoryday languafla b«two«i -it •truck with oraat ap^od- and -it 
•truck witli gr«at force.- In fact, ovIdMie* that atudrnt^ 
•••oclata forca with velocity, and even view It aa proportional to 
velocity rather than acceleration, hae been provided by etudiea 
euch ae one uelng the pwicll-and-paper test ehown in Figure 2.* 
Stronger etudente way aleo hold these ■Isconceptlone. and are able 
to reason wore elaborately frow thaw. (For eiM^le. If force Is 
proportional to velocity, and objects aecelerato during free fall, 
then there met be a gravity gradient.) 

o y Isconceptlone In physics ars not liaitsd to asohanlcs. in 
sisctriclty. studsnts often conaidsr a battery to be a sourcs of 
current rather than voltage. When pressntsd with ths circuit In 
Figure 3. studsnts will usually recognize that if ri is inersassd. 
the bulb diM. lut wany will argue that If 112 Is Incrsised. the 
bulb ^ unaffected becsuss ths currant has alrssdy passsd ths 
Dulb. In klnstlc thsory. nny studsnts will argus that ths 
rsason ths prsssurs sisrtsd by a gas in a rigid clossd contalnsr 
incrsasss with taaiperaturs is that the gas (or aolsculss) -wants 
to sipand." Although thsy acespt that aolsculss aovs fastsr at 
higher teaperaturee. the notion of expansion ovsrrldss ths nssd to 
sssk a specific aechanlaa (e.g. aolecuies striking ths walls aors 
frsqusntly at grsater aaan velocity) for Inereassd prsssurs. 
Mlsconcsptions In optica wers dlscusssd by Goldbsrg and UcOsraott 
In rsosnt m and AJP artlclss." 

Othsr sxaapiss of aisconeeptlons abound In the ressarch lltsraturs. 
Soas sxcsllsnt rsvlsws**^® and blbllographlss""" provlds a fuller guide for 
the Interested reader. That Interest In thie field reaalns robust Is 
rsflscted in the heavy attendance at two International conferences on 
aleconceptlons hsid at Cornell University In 1983 and 19B7. with the latter 
aeeting yielding three large voluaea of Proceedings.^ 

It bears rspsating that clear presMttatlons by tsachers do not In 
theaselves sradlcats sxisting alsooncsptlona and rsplaes thsa with correct 
Ideas. Several studies point this out.*'*'* Misconosptlons. by virtue of the 
fact that Individuals have spent tine and energy constructing thea. often turn 
eut to be deeply ssatsd and difficult to dislodgs. We should bsar in aind 
that what physicists think of as a alsconception aay seea plain coawuii ssnss 
to aany people. 
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So simply tellino students that their conceptual understanding Is wrong 
or incomplete, and combining this with a correct explanation. Is often not 
sufficient for eradicating most misconceptions. Cognitive studies show that 
misconceptions are tenacious, and even their seeming elimination Is often 
followed by a resurfacing of the same misconception In a student's work a 
Short time later. 



What Thi s Suggests About Classroom Teaching 

One obvious Implication of misconceptions research for classroom 
teaching Is that Instruction will often be Ineffectual If it does not address 
the prior Ideas of students. This Indicates that the educational process must 
become more bidirectional than it Is now In many classrooms. In other words, 
physics teachers should help students articulate how they think about a 
problem being studied and. In doing so. be alert to misconceptions that 
students may bring to the surface (and tenaciously defend). These 
misconceptions should then be openly addressed, as opposed to teachers simply 
making lecture-style presentations of correct approaches. Unless this give 
and take occurs, it seems highly likely that misconceptions will interfere 
with -the message- and that what is said by the teacher will not be equivalent 
to What Is heard by the student. 

Because misconceptions n be so resistant to change. It also seems 
Important that students participate actively m the process of overcoming 
them. A technique some have found effective Involves helping students to 
confront an Inconsistency or contradiction between their assumptions and 
actual physical behavior. We saw a simple Instance of this In the case of the 
Atwood's machine discussed previously. Once the student perceives the 
Inconsistency and accepts the challenge of resolving it. a »wre promising 
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learning opportunity exists. This process also gives students surer 
possession of concepts, because It assigns them an active part In 
reconsidering their prior Incorrect understandings and reconstructing correct 



ones. 



Such techniques have taken a variety of effective forms. An approach 
that has been used effectively in high school physics classes^^'^^ Involves 
use of a conceptual "bridge." For example, many students do not believe that 
a table exerts an upward force on a book that Is resting on It. However, they 
ara more likely to believe that if you press down on a spring, the spring 
exerts an upward force on your hand, a set-up Involving a conspicuously 
springy table can bridge the gap between the two analogous (I.e. analogous to 
the physicist) situations. In an Impressive demonstration that reinforces 
this point, a mirror Is mounted on a seemingly rigid body such as a clndor- 
biock wati. A laser beam Is reflected off the mirror to a photocell connected 
to an audio a-pllfier, from which it Is reflected back along Its original path 
to the laser. When the wall Is pressed, the net signal resulting from the 
Interference of Incident and reflected beam varies at audio frequencies, and 
the springiness of the so-called -rigid" body Is made audible. 

Innovative demonstration equipment can also be used in confronting 
students' assumptions. Melvin Stelnberg^^ pives aapt workshops showing 
teachers how to make use of capacitors of enormous capacitance (up to 1.0 
Farad) in simple bulb circuits, such as that in Figure 4. Because the giant 
capacitance prolongs the transition to a steady state when the switch is moved 
to position B, the transient current from the discharging capacitor lasts lon^ 
enough to visibly light the bulb. This challenges the misconception that we 
mentioned previously that the battery (now switched out of the circuit) is the 
source of current in o.C. circuits 
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Computers have also boon omployed to challonge studonts' misconcopt ions 

by means of games, software, and "microvwrids. ' For example. White and 
1 8 

Horwitz designed a microworld called Thinkertools that allows students to 
explore the principles underlying Newtonian mechanics. This approach 
synthesizes the learning of the subject matter with the nature and application 
of scientific laws. These researchers found that sixth graders taught with 
this approach performed better on a set of force and motion problems than both 
physlcs-nalve sixth graders and high school physics students, m particular, 
the sixth graders taught with the approach learned that an impulse applied to 
a moving object produces an incremental velocity in the direction of the 
Impulse, and that impulses in one direction have no effect on the velocity 
component in the orthogonal direction. 

In a software-pius-transducer approach, a motion detector feeding to a 
microcomputer is used to turn the input into graphs of position, velocity, or 
acceleration vs. tl;r.e.^^ A student's misconception about the nature of the 
motion represented by any alven graph can be challenged by aiming the motion 
detector at the student and asking the student to move In such a way as to 
reproduce the given graph. 

All Of these approaches respond to the need to actively engage students 
in combating their own misconceptions. At this point, however, any classroom 
teacher might protest. "Fine. But 1 have 30 students In each of my classes. 
If I were to address all their individual misconceptions, there would be 
little time left to cover the material in the course. Besides. I'm not even 
sure that i know how to get at students' prior assumpt I ons 1 " These are very 
valid concerns, but the outlook for having answers is not as bleak as It may 
appear. The research discussed has consistently revealed that, for a specific 
topic, a small number of misconceptions account for the majority of errors 
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conunlttad by students. For Instance. In the example cited earlier concerning 
the forces acting on the baseball, it Is probable that over 95 per cent of all 
student errors will consist of e'ther omitting one of the two legitimate 
forces acting on the ball, or of Including the fictitious -Impact force" on 
the ball, or both. The number of misconceptions Involved In a particular 
topic for a typical class will generally be fairly small - rarely, we think, 
more than two or three. 

As for Identifying misconceptions, there are some fairly natural methods 
that teachers might adopt: 

o Give more -attention to speaking and listening In the classroom, 
and particularly have students verbalize their conceptual 
understanding of specific topics In qualitative terms. For 
example asking a class to speak to the question of forces acting 
on the baseball will almost guarantee that someone will mention 
the "Impact force." 

o Observe error patterns in tests, quizzes, and homework, if the 

^^ir^?"!! ?! *" P«tt"-" '» "ot Clear, the teacher might ask 

several of the students who committed the error to explain how 
they arrived at their answers. Many misconception? go untreated 
because teachers often view errors In Isolation. They are not 
look ng for error patterns that could be explained by correct 

fSlIr'n^ '"jorrectly held mental concepts. In beginning to 
make these observations systematically, the teacher Is becoming a 
researcher on a local scale as part of the teaching process. 

o Be aware of your own thinking. Some misconceptions have been 
Observed not only In beginning nhyslcs students, but also among 
advanced undergraduates, graduate students, and both pre-servlce 
and (dare we say Itl) In-servke physics teachers. An 
acquaintance with cognitive research on misconceptions may provide 
an opportunity for some teachers to re-examine their own beliefs. 

These approaches. If handled weil. may also take some of the onus off 

Incorrect answers and help students know what expert physicists know: that 

thinking one's way toward solutions to problems often meets with difficulty 

and that correct answers are often built on the recognition of previous error. 

Indeed, understanding more clearly how experts get the Job done Is another 
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area In which cognitive research has made a slfinlflcant contribution - once 
again, we think, with Important Implications for the classroom. 

Expert/Novice Res earch and Sone Implications 

There Is a growing body of cognitive research that focuses on how experts 
and novices perform a variety of tasks, and how their approaches differ. 
"Expert" and "novice" as used here refer, of course, to degrees of skill and 
knowledge In a specific domain, not to any estimate of general proficiency or 
success In life. Among recent studies one can find Inquiries mto expert 
performance in a variety of pursuits, such as chess. ^° baseball. and 
computer programming." as well as physics. These studies for the most part 
attempt to answer two questions: (1) How do experts and novices orcanlze. 
retain, and use domain-related knowledge? and (2) How do experts and novices 
go about solving problems? The answer to both these questions seems to be 
-very differently.- and the more we know of the distinctions, the more It 
appears that they may help us learn how to help students more effectively make 
the transition from beginner to expert. 

Expert/Novice Differences I n Knowledge Orff anlz;,t inn m physics as In 
other domains. It should not be surprising to us that experts and novices 
organize and retain knowledge In distinctly different ways, if there were few 
such differences, we could begin to dispense rather quickly with the idea of a 
beginner. What is surprising, however, is that until recently, we have not 
Inquired closely into the thought processes that make the difference between 
one Who Is starting out and one who has arrived at expertise In a specific 
ciomaln. When we do. the distinctiveness of the expert comes more clearly Into 
focus. 
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For oxampla. cocnitlva research aiscloses that exports gather and store 
Information |„ clusters or chunks. "•2'' the organization of which can be 
envisioned as a hierarchical pyramid, with fundamental concepts occupying the 
highest, most a-jcesslble. levels of the hierarchy, followed by ancillary 
concepts, and with domain-related factual Information stored at the lo-»est 
level and accessed via reference to more fundamental concepts. Within this 
hierarchical arrangement, being an expert, or "knowing more-, means having: 
(a) more conceptual chunks In memory, (b) more relations or tures defining 
each Chunk, (c) more Interrelations among chunks, and (d) effective methods 
for retrieving related chunks. 

These findings bear directly on what we do In classrooms. To cite one 
example. Eylon and Relf conducted a studv^^ ^^^^^ ^^^^ ^^^^^^^ 

When novices are helped to organize knowledge not as It Is customarily 
presented In textbooks and lectures, but rather as It actually exists in the 
minds Of experts. The study asks, if experts organize knowledge In a 
hierarchical fashion, doesn't It make sense for novices .o receive knowledge 
In a slir.l lar form' 

To Investigate this question, they evaluated the effectiveness of two 
different modes of presenting a physics argument to college undergraduates - 
one hierarchical (with calculatlonal details subordinated to main principles 
whlc. are first outlined to provlu, overview) and the other more traditional 
In Its organization. Involving a single-level description that proceeds step- 
by-step through calculatlonal details. (One such argument dealt with an 
experiment In which measurements on a bouncing ball are used to deduce the 
value Of the gravitational acceleration g.) 

When tested, those students who received the argument In hierarchical 
form performed significantly better In both recall and problem-solving tasks 
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than those who racelvod It non-hlerarchlcal ly. similar results amarged from a 
second study. Involving a set of rules students were asked to use In a 
problem-solving assignment, further Indicating that classroom teaching may be 
more effective when It Imparts knowledge In a form that reflects the way 
experts organize and use knowledge In actual Intellectual performance. 

Expert/Novice Difference s In Problem Solving . Experts also appear to 
differ markedly from novices In the way they go about solving problems. 
Cognitive research Indicates that experts begin by cuing on a problem's "deep 
structure" (principles, concepts, or heuristics that could be applied to solve 
the problem) as the clue to determining which concept(s) or princlple(s) 
Should be applied in solving It. They then undertake a qualitative analysis 
of the problem based on the concept(s) selected. Finally, they take the time 
to develop a strategy for achieving a solution before they execute procedures 
for arriving at an answer, in contrast, novices tend to cue on a problem's 
"surface features- (problem Jargon, descriptors of the set-up. etc.). fall to 
examine Its qualitative structure, and plunge toward a solution with little 
attention given to strategy. 

This description emerged form a series of Interesting experiments by Ch'. 
Feltovlch. and Glaser.^^ They begin by asking what type of cues experts and 
novices In physics use In deciding how to attack a problem. They pursued this 
Inquiry by assigning the same task to a group of expert physicists and to a 
group of undergraduates who had successfully completed an Introductory physics 
course. The tas;, consisted of asking the participants to sort a stack of 
elementary physics problems written on Index cards Into piles arranged 
according to similarity of solution — that Is. problems that could be solved 
with similar strategies were to be placed on the same pile. 
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Results Showed that the sorting done by novices disclosed a strong 
Inclination toward -sing surface features to Identify and classify problems. 
For example, novices tended to see problems Involving Inclined planes as 
falling In one category, problems Involving pulleys In another, and problems 
Involving friction In a third. This Ij significant In vlev^ of the fact that, 
depending on what Is being asked, two problems Involving Inclined planes cruld 
require entirely different strategies for solution (e.g. one might Involve 
kinematics to determine the time required for an object to slide down the 
Plane, while another might Involve conservation of energy to determine the 
final velocity of an object that rolls down the plane without slipping). The 
point Is similarly made for problems Involving pulleys or friction. Alert to 
such qualitative distinctions, experts displayed a strong Incll. ion toward 
using the physical principle Involved In solving the problem as the criterion 
for sorting It. For example, experts placed problems that could be solved by 
conservation of energy m one pile, problems that could be solved by Newton's 
second law In another, etc. 

The Important question arising from these findings, again. Is whether 
novices will make more rapid and certain progress toward expert status If. In 
school, they are guided to think the way that experts do when they tackle a 
problem, if we find that the answer Is "yes." this would complement 
previously cited findings about Improved performance of novices when they were 
helped to organize knowledge In an expert-like hierarchical fashion. Thus 
far. a couple of studies suggest an affirmative answer, m one study. 
novices were trained to generat- a problem analysis before undertaking 
solutions. These analyses requl.*,d novices to describe problems In terms of 
concepts, principles, and procedural strategies. The study showed that given 
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this kind of preparation, students were better able to construct problem 
solut Ions. 

What this and other evidence discloses Is th?.t experts possess a number 
of tacit Skills In problem solving that are now seldom taught explicitly m 
classrooms, such as the fol lowing: 

o Describing a problem in detail before attempting a solution. 

o Determining what relevant Information should go Into the analysis 
Or a problem. 

o Deciding which procedures can be used to generate a problem 
description and analysis. 

The strong Implication Is that useful learning will Increase If students are 
explicitly taught these skills and challenged to apply them to work In the 
c iassrooffl. 

To examine this assumption further, the authors and several colleagues at 
the University of Mast-chusetts recently conducted a multi-faceted study^^"^^ 
focusing on the question of whether one ca. promote expert-like behavior In 
novices oy st.uc*urlng ;helr problem-solving activities to refMct the 
hierarchical way In which physics experts analyze problems. Unlike previous 
studies which focused on specific topics o.g. Newton's Second Law^^'"). we 
were Interested in ascertaining whether It was possible to effect novlce-to- 
expert shifts across a wide range of physics topics. We therefore designed 
and developed a computer-based, expert- 1 Ike problem analysis environment, 
called the Hierarchical Analysis Tool (henceforth, HAT), that could be used to 
analyze the majority of problems in a calculus-based freshman classical 
mechanics course. 

To analyze a proMem using the HAT. the student answers well-defined 
questions by making selections from menus that are dynamically generated by 
computer software. In the first menu, the student selects a general principle 
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that could be applied to solve the problem under consideration. Subsequent 
menus focus on ancillary concepts and procedures and are dependent upon the 
prior selections made by the student. The analysis Is termed -hierarchical" 
because the menus become Increasingly specific as one progresses. When the 
analysis is complete, the HAT provides the student with a set of equations 
that Is consistent with the analysis conducted by the student. If the 
analysis Is carried out Incorrectly, the final equations are consistent with 
the student's menu selections, but aro Inappropriate for solving the problem. 

Thus the HAT Is a flexible, self-consistent tool designed to constrain 
Its user to apply a hierarchical, top-down problem solving approach. It Is 
Important to note that, because It was designed as a research tool and not as 
a pedagogical Instrument, the HAT neither tutors, nor provides feedback to the 
student. The user Is therefore free to follow any path through the analyzer. 
Figure 5 contains the menus and selections that would appropriately analyze 
the energy problem given at the bottom of the figure. 

In our study, subjects underwent a "treatment" consisting of solving 25 
classical mechanics problems over f lv«, one-hour sessions using the HAT. Two 
control groups were used for comparison purposes: one solved the treatment 
proi/lems using the textbook as a resource, while the other solved the problems 
using a novlce-IIke, computer-based environment called the Equation Sortlno 
Tool (EST). The EST was a computer-based "formula-sheet" containing 178 
equations taken from the textbook; this equation data-base could be searched 
and sorted via surface feature terminology (e.g. by problem types such as 
"Inclined plane problems," by variable names such as "velocity," or by physics 
terms such as "potential energy."). 

Th» effectiveness of the HAT was compared against that of the two 
control treatments using three measures: 1) A problem categorization task In 



17 



16 



Which students wero asked to match problems on the basis of the similarity of 

the approach that could be used to solve them. 2) An explanations task 

requiring that students provide written expianat lor.3 of what would happen when 

a particular change was made In a given physical situation, and 3) A problem 

solving task that resembled a final exam In a mechanics course. All three 

tasks were administered both before and after treatment, hence we were able to 

Observe shifts In performance that resulted from the treatment. 

The study yielded a number of Interesting results: 

o The categorization task showed that userr, of the HAT shifted 
significantly from categorizing problems on the basis of surface 
features toward categorizing on the basis of governing principles. 
Students In the control groups exhibited no such shift. 

o After using the HAT. students used a widely applicable higher- 
order concept, energy, in a significantly fuller and more 
organized fashion In the explanation task. 

o All three groups exhibited statistically significant Improvements 
In the problem solving task, although no single group Improved 
significantly more than any other group. 

o Despite the hunt and peck character of the EST. It was possible to 
use that environment in a hierarchical way by sorting the equation 
data basa according to terms which were principles (e.g. 
Conservation of Energy) rather than variables (e.g. Velocity) or 
problem types (e.g. Inclined Plane). The EST users who did this 
In a consistent manner were also, almost without exception, those 
who performed better on the explanation tasks. These were also 
the EST users who. by and large, performed best on the problem- 
solving pre and post tests. 

o Although the overall correlation was not statistically 
significant, those students showing greatest pre-to-post 
improvement on the explanation task also averaged well above mean 
Improvement on the problem-solving test. 

o For all three groups of students, on both pre- and post-tests, 
correct Identification of the governing prlnclple(8) relevant to 
constructing a problem's solution was a necessary and substantial 
step In developing a correct solution strategy. 

o In the explanation task, the context, shaped by the surface 

features of a given situation, strongly affected which variables 
students chose to discuss and which principles they applied, 
leading them to treat differently situations that physicists would 
consider analogous. For Instance, students were more likely to 
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consider gravitational potential energy, mgh. In a situation where 
the height h Is altered than In one where g was changed by 
relocating a set-up to the moon. 

What does all this mean for the teacher? To us, the data has several 
Implications for the classroom: 

o Since the HAT approach did promote greater shifts toward expertise 
than the two control approaches, our study suggests that the 
development of students' physics knowledge and problem solving 
skills C6.1 be facilitated through activities In which students 
actively engage In structured problem solving tasks which 
highlight the Interplay of concepts and procedures. 

o Our findings suggest that we should not rely on penci l-and-paper 
problem solving as the sole measure of our students' level of 
expertise. Tasks Involving problem categorization and qualitative 
explanations can provide teachers with Independent measures of 
students' understanding of physics. Our findings Indicate that 
the Improvements shown by HAT users surpassed that of the cc.itrol 
groups for categorization and explanation, but not for pro;3lem- 
solvlng. We Interpret this to mean that, at least In the short 
term, problem-solving Is a less sensitive measure of the 
development of a student's knowledge of physics than are 
categorization and explanation. Aspects of these latter tasks 
must be combined with other elements, such as strategy 
formulation, mathematical knowledge, manipulative skills, and 
visualization skills. In the more complex task of solving a 
problem. Thus, we should expect neither that problem solving 
measures are the most precise measures of expertise, nor that 
ability to do well In problem solving measures necessarMy Implies 
a deep conceptual understanding of physical situations. 

o The fact that students show context dependence in the application 
of concepts to situations tha physicists would consider analogous 
suggests that we need to diversify the students' experiential base 
as well as to teach them a structure for organizing It. The type 
of thinking that proceeds from governing principles rather than 
surface features requires, In part, the ability to recognize when 
a principle Is applicable, that Is, to have a sense of Its range 
of applicability. Organization becomes valuable only when there 
Is enough stored In the student's memory to make It efficient to 
organize the knowledge (I.e. you can't meaningfully order a deck 
of only two cards.) We believe that most good teachers know how 
to help students expand and structure their knowledge base: when 
teaching a concept, good teachers help students explore the 
ramifications of the concept through a diversity of examples that 
explore the range of the concept s applicability. 
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Concluding Remarlcs 

We are addressing our remarks about cognitive research directly to 
physics teachers because we believe that In the long run the findings will 
have Impact only If they are useful In the classroom. Of course, most of the 
work cited Is still relatively recent, mostly less than ten years old. Young 
as the field of cognition and Instruction Is. we hope we have demonstrated a 
level of maturity In the research findings that suggests their readiness for 
testing and evaluation through practical classroom application. What we must 
hope for now Is Increased collaboration between teachers and researchers, 
especially In the design of Instructional approaches that Integrate process 
and content. 

We are not naive about major obstacles that st jnd In che way of Improving 
the climate of Inquiry In our classrooms. Textbook design continues to 
emphasize breadth of content coverage, rote learning, and quantitative rather 
than qualitative reasoning. ^^^^^ ^^^^^ available assessment 

Instruments largely measure a student's command of factual and quantitative 
knowledge. A recent review of selected science achievement tests conducted 
under the auspices of the National Research Council revealed that, with few 

notable exceptions, test Items did little to assess higher order thinking 
33 

skills. This view was echoed by a study commissioned by the National 
Science Foundation to Identify nsf Initiatives that could be pursued to 
address problems and opportunities in K-12 science education; one 
recommendation was to Improve science testing Instruments.^^ The teacher who 
wants to help students engage and acquire -kill in serious inquiry is In a 
difficult situation. If prescribed textbooks provide little occasion for 
practice In needed skills and tests largely ignore them In measuring student 
achievement, th-, teacher will find little support in emphasizing intellectual 
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processes within the context of content. Obviously, this Is another closed 
circle that must be broken. 

To effect a major change In the way that physics Is taught m our schools 
WIN require the cooperation and Imagination of teachers and teacher 
organizations, parents, researchers, school administrators, test developers, 
and textbook publishers. But no major movem^,nt aimed at Improving classroom 
Instruction can be successful unless It is sustained by the day to day 
practices of the classroom teacher. There may or may not be major strides 
toward marrying content and process m our education system. However, there 
Is one thing that we are guaranteed of having if a few teachers make a 
concerted effort to deal actively with cognitive processes In their 
Classrooms: More students who wl 1 1 be able to bring an understanding of 
physics to bear on non-routine situations. 
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Configuration (A) Configuration (B) 



'Which is 
heavier?" 



' Now which 
is heavier?* 
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FIGURE 5. Hierarchical Analyzer Menus k Choices for Problen^ 1 



Wbich principle applici to this pari of the problei-i tolulion? 

1. Ncwtoii'i Second Law or KiueniaUci 

2. Angular Mouieuluni 

3. Linear Moiiienluni 

4. Work and Energy 

PlfMe enler your ■election: |4| 
(B)iickjp (M}ftin menu (GjloMwy (Q)uil (L)iii ■elcciioiii 



Describe the eyelem in ternii of iU nirchanical energy 

1. Coufcrvaiivc lyiicni (conicrvaiion of energy) 

2. Non-Coni€rvaiiv« ■yiicni (work-tnergy exchange) 

PlcMc enter your eelection: |1| 

(B)ackup (M)ain menu (G)loMary (Q)uit (L)iit eelectione 



Oeicribc tlie cliancee in niecbanical energy. Coniuler only 
llie energy of one Body at eonie initial and final itate 

1. Change in kinetic energy 

2. Change in potential energy 

3. Change in potential and kinetic energiei 

Pleaje enter your eelection: |3| 

(OJackup (M)ain menu (C)loMary (Q)uit (L)i«t lelection* 



Dcicribe the chaugei ui kinetic energy 

1. Change in tranelattonal kinetic energy 

2. Change iu rotational kinetic energy 

3. Change in tranelational atd rotational kinetic energiee 

Please eater your selection: |1| 

(B)ackup (M)aiu menu (G)loMary (Q)uit (L)ist «electioai 



DeKribc the boundary couditioni 

1. No iitlttal Uanilational kinetic energy 

No final tranelatioual kinetic energy 
3. Initial and final tranelatlonal kinetic energiee 

Pleate eater your eelection: |l| 

B)ackup (M)ain mem; lG)loiiary (Q)uit (L)ist eelectione 
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Deecribe the changee In potential energy 

1. Changee In gravitational potential energy 

2. Changee in epring potential energy 

3. Changee in gravitational and epring potential energiee 

Pleaee enter your selection: |l| 

(B)ackup (M)ain menu (G)louary (Q)uit (' )iet selections 



Describe the boundary conditions 

1. No initial gravitational potential energy 

2. No final gravitational energy 

3. Initial and final gravitational energy 

Please enter your selection: |2| 

(Bjackup (M)ain menu (O)lossary (Q)uit (L)ist selection; 



Is there another body in the system which has not been examined? 



1. Yes 

2. No 



Please enter your selection: |2| 

(B)ackup (M)ain aienu (G)lossary (Q)uit (L)ist selections 



The Energy Principle states that the work done on the syrteui by 
all non-conservative forces is equal to tlif change in the 
mechanical energy of the system: 

According to your selections, 

W^r = 0 (Conservative system: mechanical energy conserved) 

= (AJ>'y)ii 
Please press any key to continue 



••• Work and En'.gy 

1. Problem solved 

2. Return to Main Menu to continue solution 

3. Ueview previous solution screens 

Please enter your selection: 



PRQBI PM 1 

A SMALL BLOCK OF MASS M SLIDES ALONG A 
TRACK HAVING BOTH CURED AND HORIZONTAL 
SEQIONS AS SHQVN. IF THE PARTICLE IS 
RELEmSED from REST AT HEIGHT WHAT IS 
ITS SPEED V#«N IT IS^ON THE HORIZONTAL 
SECTION OF THE TRACK? THE TRACK IS 
FRICTIONLESS. 
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